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SELECTIVE PERMEABLE MEMBRANE AND
PROCESS FOR PREPARING THE SAME

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates to selective permeable mem-
branes, such as are used in reverse osmosis and ultrafil-
tration, having the ability to selectively separate a sol-
vent from liquid mixtures such as solutions, emulstons
and suspensions and a process for preparing the same.

2. Description of the Prior Art

Typical examples of a selective permeable mem-
branes which are only permeable to a specific compo-
nent of a solution or emulsion are reverse 0smosis mem-
branes and ultrafiltration membranes. The reverse os-
mosis membranes capable of separating a solvent from a
solution containing substances of a relatively small par-
ticle size or substances of a low molecular size such as
sodium chloride are useful in treating waste water from
plants, purifying sewage and in the desalination of sea
water and brine. |

The ultrafiltration membranes, on the other hand, are
capable of separating the solvent or dispersion medium
from a solution or emulsion containing substances of a
relatively large molecular or particle size such as col-
loids, proteins or microorganisms, and polymers and are
used in the purification and concentration steps In-
volved in the manufacture of foods and medicines as
well as in the brewing and fermentation industries.

Heretofore, selective permeable membranes of this
type have been made from cellulose acetates, polyam-
ides, polysulfones, etc.

However, the selective permeable membranes made
from cellulose acetates and polyamides exhibit not only
low heat resistance but also poor chemical resistance,
such as to strong alkaline or acidic substances making
up the liquid mixtures treated by the membrane.

The permeable membranes made from polysulfones
are more heat resistant and chemical resistant than those
made from cellulose and polyamide but they are poorly
resistant to organic solvents.

An attempt has recently been made to make a selec-
tive permeable membrane using an aromatic polyimide
composed of an aromatic tetracarboxylic acid and di-
amine, but the manufacture requires converting the
amide acid moiety in the molecular skeleton of the re-
suiting selective permeable membrane to an imide ring
at a high temperature and this additional step gives a
product of low permeability.

SUMMARY OF THE INVENTION

As a result of various studies in search of a selective
permeable membrane free from the defects of the con-
ventional products, it has been found that a selective
permeable membrane comprising a specific polyimide
exhibits high selectivity.

Accordingly, one object of this invention is to pro-
vide a selective permeable membrane having self-sup-
porting property which comprises a polyimide polymer
consisting essentially of a repeating unit of the formula:
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wherein R is a divalent organic group. The above poly-
imide is a homopolymer when the repeating units con-
tain the same R group and a copolymer when the re-
peating units contain different R groups.

Another object of this invention is to provide a pro-

cess for preparing such a selective permeable mem-
brane.

BRIEF DESCRIPTION OF THE DRAWING

The Figure is a cross-sectional view of an anisotropic
membrane according to this invention.

DETAILED DESCRIPTION OF THE
INVENTION

The selective permeable membrane of this invention
is prepared by forming a polyimide polymer consisting

essentially of a repeating umt of the formula:
O O
| I
fC"'"'CHz CHZ—CH

N | I N—R
~C—CH—CH— ¢~

| |

O O

wherein R is a divalent organic group, into a membrane
or film exhibiting high selectivity.

The polyimide polymer of the above formula which
is used in this invention is based on an aliphatic tetracar-
boxylic acid, and is generally prepared by dehydrocon-
densing 1,2,3,4-butanetetracarboxylic acid (hereinafter
referred to as “BTC”, for simplicity) of the formula

HOOC—CH; CH3;—COOH

|
HOOC—=-CH—CH—COOH

and a diamine of the general formula HyN—R-—NHo,
wherein R is defined as above in substantially equimolar
amounts at about 100° to 300° C. for about 10 to 50
hours.

In order to obtain a uniform reaction, the condensa-
tion is generally carried out in an organic solvent (a
reaction solvent) which is typically an N-alkyl pyrroi-
idone such as N-methyl-2-pyrrolidone, dimethy! acetoa-
mide, an N-alkyl piperidone, dimethyl formamide, dihy-
droxybenzene, phenols (such as phenol, cresol). Such
organic solvents may be used in an amount sufficient to
provide a uniform reaction, normally in an amount of
about 60 to 900 parts by weight per 100 parts by weight
of the sum of BTC and the diamine.

Preferred reaction solvents which can be used in this
invention are N-alkyl pyrrolidones such as N-methy}-2-
pyrrolidone and N-alkyl piperidone. They permit reac-
tions at high temperature since they have high boiling
points and are highly soluble in BTC, diamine and the
resulting polyimide polymer. The polyimide polymer
thus prepared has self-supporting property, that is the
ability to form a membrane or film.
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The polyimide polymer used in this invention has an

inherent viscosity (measured at 30° C. in N-methyl-2-

pyrrolidone) of about 0.55 to 1.2, preferably about 0.60
- to 1.00. Too low an inherent viscosity does not provide
a selective permeable membrane having high self-sup-
porting property. Too high an inherent viscosity, on the
other hand, makes 1t difficult to prepare a homogeneous
film making liquor (called a **dope”). |
The polyimide polymer used in this invention has a
number average molecular weight ranging from about
20,000 to 120,000, preferably from about 30,000 to
80,000, which can be calculated from the above inher-
ent viscosity. The polyimide polymer of the formula
defined above generally has about 60 to 300, and prefer-
ably about 90 to 200, repeating units of the above for-
mula whose number can also be calculated from the
inherent viscosity. |

If BTC and diamine are reacted at a temperature of

about 100° to 300° C., the linking groups are substan-

tially composed of imide rings, but at about 30° to 80°
C., amide bonds as well as imide rings are formed as

linking groups.

The preferred polyimide polymer is essentially free of
amide bonds, and it 1s most preferred that all or substan-

tially all of the linking groups are composed of imide
rings. The presence of some amide bonds is permissible
in the polyimide polymer of this invention as long as the
percentage of the conversion to imide (calculated as:

number of tmide rings

number of tmide rings + number of amide bonds X 100)

is at least about 70%, preferably at least about 90%, and
most preferably from about 98 to 100%. Too low a
percentage of conversion to imide produces a selective
permeable membrane which has low heat and chemical
resistance.

The above explanation is given with respect to the
use of BTC but BTC imide-forming derivatives may
also be used in this invention. Typical examples of suit-
able BTC imide-forming dertvative are BTC monoan-
hydride, BTC dianhydride, BTC lower alkyl esters
such as BTC dimethyl ester, and BTC amide.

The diamine which is used in the preparation of the
polyimide polymer is a compound of the general for-
mula

HyN--R—NH>»

wherein R is a divalent aromatic group, a divalent
group where at least two aromatic groups are linked
with a divalent group, a divalent aliphatic group, a
divalent group where at least two aliphatic groups are
linked with a divalent group, a divalent alicyclic group,
or a divalent group where at least two alicyclic groups
are linked with a divalent group.

Suitable examples of the divalent aromatic group are

CH;

and

CH,;
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Suitable examples of the divalent group where at least
two aromatic groups are linked with a divalent group

are
- o (i')H_; -
wherein X is —CHy—, —(|:-¥-. —O—, =§—, =8y, — P
' CH3 _ \1/
O
—-0@0—' . —S@S— , Or
lill
—-?i-—- (wherein R and R3,
R> .

which may be the same or different, each represents a -
straight or branched alkyl group having 1 to 10 carbon
atoms or an cycloalkyl group having 3 to 10 carbon
atoms).

Suitable examples of the divalent aliphatic group are

lils
'('Cﬂzh‘nil}('CHz‘)ﬁ

R4

wherein Rj3 is hydrogen atom, an alkyl group having 1 -
to 3 carbon atoms or an alkoxy group having 1 to 3
carbon atoms, R4 1s hydrogen atom or an alkyl group
having 1 to 4 carbon atoms, and m and n are an integer
of 1 to 6, and |

Rs

| P
H H

wherein Rs 1s an alkyl group having 1 to 3 carbon
atoms, Re1s hydrogen atom or an alkyl group having 1
to 3 carbon atoms, and p 1s an integer of 1 to 10.

Suitable examples of the divalent group where at least
two aliphatic groups are linked with a divalent group
are

—CHCH;—Y—CH;CHy—

wherein Y 1s —O— or —S—, and -
—¢CH270(CH2CH 0¥ (CH )5

wherein q is an integer of 1 to 5 and r is an integer of 1
to J.

Suitable examples of the divalent alicyclic group are
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| . CHj -
Suitable examples of the divalent group where at least
two alicyclic groups are linked with a divalent group

(et

wherein X is defined as above.

Specific examples of suitable diamines are metaphen-
vlenediamine, paraphenylenediamine, 4,4'-diaminodi-
phenylmethane, 4,4'-diaminodiphenylpropane, 4,4'-
diaminodiphenyl ether, 3,4’-diaminodiphenyl ether,
4,4’-diaminodiphenyl sulfide, 4,4'-diaminodiphenyl sul-
fone, 3,3'-diaminodiphenyl sulfone, para-bis(4-amino-
phenoxy)benzene, meta-bis(4-aminophenoxy)-benzene,
metaxylylene diamine, paraxylylene diamine, di(para-
amino-cyclohexyl)methane, hexamethylenediamine,
heptamethylenediamine, octamethylenediamine, 1,4-
diamino-cyclohexane, bis-(4-aminophenyl)phosphine
oxide, bis(4-aminophenyl)diethyl silane, bis(4-amino-
phenyl)dicyclohexyl silane, 4,4'-dimethylheptadiamine,
3-methoxyheptanemethylene diamine, 2,11-diaminodo-
decane, 4,4'-diaminodicyclohexyl ether; these diamines
can be used individually or in admixture.

Diamines which can advantageously be used in this
invention are those wherein R is an organic group hav-
Ing an aromatic ring or containing at least one hydro-
philic group such as —O—, —SOy—, and —CO—.
Diamines wherein R has both an aromatic ring and
hydrophilic group are used most advantageously.

Using a diamine where R is an organic group contain-
ing an aromatic ring provides a selective permeable
membrane ‘exhibiting high selectivity at high tempera-
tures, whereas using a diamine wherein R is an organic
group containing a hydrophilic group provides a mem-
brane which solvents or dispersion media can permeate
at a high rate. '

There 1s no particular limitation on the method which
1s used to form the polyimide polymer thus prepared
into a selective permeable membrane intended for this
invention. Any known film making method can be used,
but the selective permeable membrane of this invention
1s most advantageously produced by a novel method
which will be described hereinafter and constitutes
another aspect of this invention.

Accordingly, the present invention also provides a
process for preparing a selective premeable membrane
which comprises dissolving the above described poly-
imide polymer in an organic solvent (the dope solvent)
having high miscibility with water to prepare a poly-
imide polymer solution (hereinafter referred to as the
“dope”), flow coating the dope onto a suitable support-
Ing substrate such as a glass sheet, a glass tube, a metal
sheet (such as stainless steel, aluminum, etc.), a metal
tube, a sheet-like fibrous substrate such as a woven or
unwoven cloth, or a woven or unwoven tubular mem-
ber in a certain thickness, immersing the dope coated
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substrate in another organic solvent (hereinafter re-
ferred to as “immersing solvent”, for simplicity) in
which the polymer is sparingly soluble but which is
highly miscible with the organic solvent (dope solvent)
as well as with water for a short period of time and then
coagulating the polymer in water. In summary, the
process of this invention comprises coating a supporting
substrate having a smooth surface with the dope in a
certain thickness, immersing the dope coated substrate
in the immersing solvent for a short period of time, and
coagulating the polymer in water. For a definition of
coagulating see Strathmann et al, Desalination, 16, p.179
(1975).

The term “organic solvent (dope solvent) having
high miscibility with water” as used herein refers to an
organic solvent having an ability that the dope solvent
can be substantially completely replaced with water
when the polymer is coagulated in water according to
the above described film making method. That is to say
that the dope solvent is miscible with water such that it
diffuses from the polyimide polymer solution (the dope)
when the dope is immersed in water thereby causing the
polymer to coagulate.

Naturally the dope solvent must be capable of dis-
solving the polyimide polymer.

Examples of the dope solvent which can be used in
this invention include N-alkyl-2-pyrrolidones such as
N-methyl-2-pyrrolidone or N-ethyl-2-pyrrolidone, N-
alkyl-2-piperidones such as N-methyl-2-piperidone, di-
methyl acetoamide, dimethyl formamide and mixtures
thereof. Particularly preferred for use in the present
invention is N-methyl-2-pyrrolidone.

The dope from which the selective permeable mem-
brane 1s prepared according to the above described
process of this invention requires an organic solvent
(dope solvent) which, as stated hereinabove, is highly
miscible and, preferably completely miscible (i.e., misci-
ble in any amount) with water. It is advantageous to use
a highly water-miscible organic solvent as the reaction
solvent for preparing the polyimide polymer, because,
by so doing, the resulting solution of polyimide polymer
in the reaction solvent can be used as the dope either
immediately or after suitable dilution or concentration.
The reaction solvent which is most suitable for this
purpose 1s N-methyl-2-pyrrolidone.

According to the above described process for prepar-
ing a selective permeable membrane from the polyimide
polymer, the dope concentration (solid content of the
dope)is normally from about 5 to 30 wt%, preferably
from about 15 to 25 wt%. If the dope concentration is
less than about 5 wt%, the resulting selective permeable
membrane exhibits poor selectivity, whereas if the dope
concentration exceeds about 30 wt%, the dope is so
viscous that the rate at which the solvent or dispersion
medium can permeate the resulting selective permeable
membrane 1s reduced. According to this invention, the
dope 1s coated on the supporting substrate at a viscosity
(measured by Brookfield viscometer at 30° C.) which is
generally from about 10 to 1,000 poises, preferably
about 50 to 300 poises, and more preferably about 100 to
200 poises.

To coat the substrate with a high viscosity dope, the
method disclosed in Japanese Patent Application No.
10697/75 entitled ‘“Process For Preparing Tubular
Semipermeable Membrane” or a mechanical extrusion
coating method may preferably be used. The substrate
1s generally coated with the dope at room temperature.
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" Examples of ' the 'supporting ' substrate ‘having a '

ene and polypropylene,. ete.

.+ The thickness of the dope Wlth whlch the supportmgz o
S ;materlal 1s coated varies depending on: the purpose for
- which the resulting selective permeable membrane 1s: -
. :used. The thickness is controlled such that the selective. - .

.. permeable membrane obtained generally has a thickness:

- of about 50 to. 400u, preferably about 150 to 250u. If the -

tlme

. enly swell therein.

water” is meant an organic solvent which, when the
supporting substrate is coated with the dope 1s 1m-
mersed in the immersing solvent, is capable of replacing
the dope solvent on the surface of the dope, and which,
when the polymer is coagulated in water in the final
stage of film making procedure, has the function of
being replaced by water substantially completely or
preferably completely. As advantageous immersing
solvent for the purpose of this invention 1S an organic
solvent which is completely miscible with dope solvent
and water.

In accordance with this invention the step of immer-
sion in the immersing solvent is responsible for forming
the skin layer shown in the figure. Upon immersion in
the immersing solvent the dope solvent diffuses into the
immersing solvent from the surface portion of the
coated dope causing coagulation of the polymer at the
surface to occur. Thus, in order to form the skin layer
on the surface of the coated dope, the immersing sol-
vent must be miscible with the dope solvent but the
polymer must be insoluble or only swollen therein as
explained above. Also, the immersion treatment time is
relatively short and cannot be so long as to cause the
dope to become dense throughout.

For practical application, the dope supporting sub-
strate is immersed in the immersing solvent within
about 5 minutes of its preparation, and 1t may be left
standing about 1 to about 2 hours before immersion.
However, an extremely long period of standing prior to

.. The thickness of the resulting seleetwe permeable.
o membrane is generally determined by the coating thick-
. ness of the dope, but this does not apply in all cases
. because given the same dope - ceatmg thickness, the .
“higher the polyimide polymer concentration of the
o dope, the thicker is the membrane. To take an example,
~given a dope having a coating thickness of about 250u,
~use of a dope having the polyimide polymer content of
25 wt% provides a selective permeable membrane  hol, isoprepyl aleohel tertlary butyl alcohol, ethylene RS
_;_-abeutl'?O;Lthlck whereasuseofadopehavmgapely-;;;;;l L 1 Tveol. el t tetrahydro-
- imide polymer content of 15 wt% gives a membrane: o glycol, propylene glycol, glycerin, acetone, tetrahydro- '
-~ thwkness of about 130u. - |

- The dope coated supporting substmte thus prepared;
s then immersed in the 1mmersing solvent for a short

- -smooth surface are sheets or tubes of inorganic materi- -
~+:als such as glass, widely used metals, such as stainless . .
. -steel and aluminum, and sohd plastlcs such:as polyethyl-f .

. ‘tion should satisfy the above described conditions, and = =
= idepends on the kmd of depe solvent. Typlcal examplesi R

25 of the immersing solvent are methyl alcohol, ethyl alco-
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.meable membrane of this invention. In general, the dope: = ...
.coated: supporting: substrate: should be. placed in the ...... .
immersing solvent before the surface of the doipe loses :
| ;transmreney and becomes white-turbid. - S
‘The time for which the: dope coated: supportlng S‘le-: S
strate is immersed iin the immersing solvent varies: de- - .
pending on the kind ‘of immersing solvent and the im-: .~ .
mersion temperature employed, but it normally ranges- =+ .- ..
from about 0.5 to 600 seconds, preferably about I to.60 -+~
seconds. If the time is too. short, the resulting selective: . : ...
o - permeable membrane, when used as a reverse osmosis -l
- coating is too thin, the resulting permeable membrane . membrane or ultrafiltration membrane, exhibits poor
. has poor strength in use. If the coating is too thick, the. ise]eetivity, and if it is too long, the rate at which the
resulting membrane may have satisfactory selectivity,
- but the permeation rate of the membrane may be slow

~and the film making procedure will taken too much

solvent or dlspersmn medmm permeates the resultmg- SRR
membrane is low. | | -
- The substrate 1s immersed in the immersing solventat-

a temperature lower than the belﬁmg point of the sol-

~vent and therefore the immersion temperature varies .

- depending with the immersing solvent, but it is nor- - - | 2 SRR
20 mally from abeut 0 to 150° C preferably about 10 t05 SEREE R

- 80° C.

- The immersing solvent that can be used in this inven-

~furan, dioxane, methyi celleselve, ethyl ee]iesolve, and: -
mixtures thereof. S
_ If the dope solvent s, f_or example N-methyl D-pyr-
© period of time. As pointed out above, one requirement Emlldone, the immersing solvent is preferably. Wtf&hy-i e

. for the immersing solvent is that it sparingly dissolves idrofumn, tertiary butyl alcohol or ethylene glycol.
- the polyimide polymer. It is preferable that the polymer

 be completely lnsoluble m the 1mmer51ng selvent er?

The dc)pe coated supporting substrate 1s taken out of

35 ;the immersing solvent and placed in water where: the S

- .polyimide polymer l.s.coagulated into a selective perme- R
By the term “another organic solvent: (lmmerslng? .- able membrane useful as a membrane for reverse osmo-. . -

- solvent) having high miscibility with dope solvent-and ' -~ sis or ultrafiltration. A supporting substrate in the form = .

of a sheet having a smooth surface provides a sheet-like
membrane whereas a supporting substrate in tubular
form having a smooth surface provides a tubular mem-
brane.

Once the dope coated supporting substrate is re-
moved from the immersing solvent it should not be left
standing excessively long before it is immersed in water
for coagulation because the rate at which a solvent or
dispersion medium permeates the resulting selective
permeable membrane may be reduced if it is allowed to
stand too long. Therefore, the time between recovery of
the substrate from the immersing solvent and immersion
in water such that it provides a practically effective
selective permeable membrane, is generally within 3
minutes, preferably within 1 minute, and most prefera-
bly, the substrate is put into water as soon as it is taken
out of the immersing solvent.

There is no particular Iimitation on the temperature at
which coagulation takes place in water, and it is gener-
ally lower than the boiling point of water, generally
from about above 0° to 80° C., and preferably from
about above 0° to 50° C. (above 0° meaning the water 1s
not solid). The time required for coagulation depends
on the coagulation temperature, and is generally from
about 1 to 5 hours.

The selective permeable membrane thus obtained can
be stored in water without being recovered from it; in
this case, the storage is continuous and inseparable from
the step of coagulation. The selective permeable mem-
brane having been shaped through coagulation in water
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can easily be separated from the supporting substrate
having a smooth surface.

The selective permeable membrane prepared by the
method described - above is a so called an “anisotropic
membrane’’.

According to the process of this invention wherein
the dope coated substrate is immersed in the immersing
solvent for a short period, it is believed that a thin dense
layer which will ultimately form skin layer is formed on
the face of the dope in contact with the immersing
solvent (oppostte to the face of the dope in contact with
the supporting substrate), and by coagulation in water
of the dope provided with the skin layer, the dope layer
other than the skin layer becomes porous to thereby
provide an anisotropic membrane.

Therefore, the selective permeable membrane pre-
pared by the above described method comprises a skin
layer (1) on one surface of a porous layer (2), as shown
in the accompanying drawing. A membrane of such
structure is generally referred to as ‘““an anisotropic
membrane”. The pore size of the skin layer does not
exceed the pore size of the porous layer. The skin layer
provides the membrane with the ability to perform
reverse osmosis or ultrafiltration. The porous layer
enables the solvent or dispersion medium to pass out of
the membrane after passage through the skin layer.

According to this invention, the resulting selective
permeable membrane may be optionally heated at about
100° to 400° C. for about 5 seconds to about 30 minutes,
typically about 30 seconds to about 10 minutes, to in-
crease 1ts mechanical strength at high temperatures.
The heating time varies with temperature; heating may
continue for about 20 to 25 minutes at 100° C. and only
for a few seconds to several tens of seconds at 350° C.

Such are the characteristics of the selective permea-
ble membrane prepared by the process of this invention
that it exhibits not only high heat resistance, high selec-
tivity, high chemical resistance and high mechanical
strength but it allows a solvent or dispersion medium to
penetrate through it at a high rate. What is more, the
membrane withstands extended use without suffering
mechanical damage or deteriorated performance due to
chemical change in the membrane and it may be used
over a wide pH range.

Accordingly, the selective permeable membrane of
this invention can advantageously be used for desalina-
tion of sea water and brine, the treatment of sewage, as
well as for the purification and concentration involved
in the food and fermentation industries.

The process of this invention can be put into practice
with some modifications. For instance, to improve the
mechanical strength of the selective permeable mem-
brane, the dope may be mixed with a self-supporting
material which is compatible with it, such as a polysul-
fone (Polysulfone P-1700, P-3500, products of Union
Carbide, etc.) or polyphenylene oxide (PPO-534, a
product of General Electric, etc.) before the selective
permeable membrane is prepared from the dope by
repeating the procedure described herein. The self-sup-
porting material compatible with the dope may be used
in an amount of about 20 parts by weight or less, prefer-
ably 5 parts by weight or less, per 100 parts by weight
of the polyimide polymer of which the dope is com-
posed. If more than 20 parts by weight of the material is
used, a homogeneous dope cannot be obtained. If the

dope contains such self-supporting material, the con-
centration of dope should be adjusted such that it is
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generally from about 5 to 30 wt% (solid content) as
specified herein, including the supporting material.

Alternatively, the-dope may be mixed with chlorides,
nitrates or sulfates, etc. of an alkali metals or alkaline
earth metals which are used independently or as a mix-
ture to increase the rate at which the solvent or disper-
sion medium permeates the resulting selective permea-
ble membrane. Typical examples of these salts include
lithium nitrate, potassium nitrate, lithium chloride, po-
tassium chloride, calcium chloride, calcium nitrate,
magnesium sulfate, etc. These salts must of course be
such that they are soluble in water, dope solvent and
immersing solvent.

The amount of the salts to be mixed with the dope
depend on the concentration of dope and the kind of
dope solvent, but is not subject to any particular limita-
tion as long as the salts can be uniformly dissolved in the
dope. Typically, the salts are added to the dope 1n an
amount of 100 parts by weight or less, preferably in the
range from about 1 to 20 parts by weight, per 100 parts
by weight of the polyimide polymer of which the dope
is composed. Use of too much salt has a tendency to
give a less homogeneous dope. The salts described
above may be added to the dope in solid form, or uni-
formly dissolved in the dope by suitable means such as
stirring, or they may be first dissolved in the dope sol-
vent.

The process described herein is advantageous for
preparing a reverse osmosis and ultrafiltration mem-
branes from the polyimide polymer.

Alternatively, the step of immersing the dope coated
supporting substrate in the immersing solvent may be
eliminated, and the dope is given a shape by coagulation
in water, either immediately or after heating the dope
coated substrate at about 80° to 300° C. for about 5
seconds to 30 minutes. The resulting membrane 1s ad-
vantageous for ultrafiltration membrane or microfilira-
tion membrane.

The process described hereinabove relates to a tech-
nique of preparing a sheet or tube of selective permea-
ble membrane without any reinforcement, but it will be
readily apparent to those skilled in the art that such a
modification is possible. A supporting fibrous substrate
in sheet form made of woven cloth of organic fibers
such as polyester fibers and acryl fibers or inorganic
fibers such as glass fibers may be coated with the dope
by suitable means such as roll coating, spraying or im-
mersion, and the dope may be shaped into a film by a
wet method, dry method or a combination of two meth-
ods. By this process, a selective permeable membrane
reinforced with the fibrous substrate in sheet form is
produced. One example of this modified process is dis-
closed in Japanese Patent Application No. 124,771 (filed
Oct. 17, 1977 entitled “Process for Preparing Selective
Permeable Membrane™).

As a further modification of the process of this inven-
tion, the dope may be extruded from a hollow spinneret
into water or the like to thereby produce a selective
permeable membrane in the form of hollow filaments.

The invention will now be described in greater detail
by reference to the following examples. In the exam-
ples, the following formulae are used to calculate the
desalination efficiency and the water permeating rate,
which are commonly used to evaluate the performance
of a selective permeable membrane.

Desalination efficiency =
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-continued
concentration of permeate (9% by weight
(1 "~ concentration of feed solution (% by weight) ) X 100 (%)
Water permeating rate =

volume of permeate §m3]

effective area of selective  processing
permeable membrane (m2)” time (day)

Both desalination efficiency and water permeating
rate are determined at 25° C,

SYNTHESIS EXAMPLE 1
Preparation of polyimide polymer I

A 20 1 reactor equipped with a stirrer, an inlet for
nitrogen gas, a reflux column equipped with a device
for draining reaction water and a water jacket that can
be heated up to 250° C. was charged with 14.8 kg of
- N-methyl-2-pyrrolidone (hereunder referred to as
NMP), 2.81 kg of BTC and 240 kg of 4,4'-
diaminodipheny! ether, and heated to about 70° C. to
obtain a homogeneous solution.

The homogeneous reaction system obtained was

mixed with 1.7 kg of xylene as an azeotropic solvent,

heated to 175" to 195° C. under a nitrogen flow. Then
under a reflux of xylene the reaction water was distilled
off by azeotropic distillation and continuously drained
to thereby perform the imide forming reaction.

As the reaction proceeded, the viscosity of the reac-
tion system increased with the result that 860 g of water

was distilled off in about 35 hours. After the reaction,

~ the xylene was removed to obtain a solution of a poly-
imide polymer in NMP having a solid (polymer) con-
tent of 25% and a viscosity of 180 poises (measured
with a B-type viscometer at 30° C.).

‘The polyimide polymer obtained had an inherent

viscosity [7n] of 0.76 at 30° C. NMR and IR spectra

showed that the degree of conversion to imide in the
polyimide polymer was not lower than 99%.

SYNTHESIS EXAMPLE 2
Preparation of polyimide polymer 11

The procedure of Experiment No. 1 was repeated
using 1.50 kg of BTC, 1.27 kg of diaminodiphenylmeth-
ane and 12.8 kg of NMP. A solution of polyimide poly-
mer in NMP having a solid base content of 18% and a
viscosity of 57 poises (measured with a B-type viscome-
ter at 30° C.) was obtained.

The polyimide polymer had an inherent viscosity [7]
of 0.58 at 30° C. NMR and IR specta showed that the
degree of conversion to imide in the polyimide polymer
was not lower than 99%.

SYNTHESIS EXAMPLE 3

Preparation of dope 1

10 parts by weight of lithium nitrate finely ground in
a mortar was dissolved in 100 parts by weight of the
solution of polyimide of Synthesis Example 1 with stir-
ring for 5 hours at 100° C. to thereby produce a homo-
geneous dope.

SYNTHESIS EXAMPLE 4
Preparation of dope Il

A dope was prepared by uniformly mixing a 15 wt%
solution of potassium nitrate in NMP in an amount
corresponding to 5 parts by weight of potassium nitrate

12

with 100 parts by weight of the solution of polyimide
polymer obtained in Synthesis Example 2.

"SYNTHESIS EXAMPLES 5to 7
5 | Preparation of dopes

Using the procedure of Synthesis Example 3, dopes
were prepared from the components set forth in Table 1
below.. |

10 'SYNTHESIS EXAMPLES 8 and 9

Preparation of dopes

Using the procedure of Synthesis Example 4, dopes
were prepared from the components indicated in Table
15 1 below.

Table 1
Amount of
Salt
(parts per
20 100 parts by
Synthesis  Solution of - Inorganic weight of
Example Polyimide Polymer Salt polymer)
solution of
5 polyimide polymer potassium
25 | prepared in | chiloride 10
Synthesis Example 1
6 solution of ~ lithitum
| polyimide polymer nitrate 100
prepared in
Synthesis Example |
30 7 solutton of calcium
polyimide polymer nitrate 5
prepared 1n
Synthesis Example 1
solution of
8 polyimide polymer potassium
35 prepared in - chloride 20
Synthesis Example 2
solution of
9 polyimide polymer
prepared in lithium 50
Synthesis Example 2 nitrate
40 _
EXAMPLE 1

A glass plate substrate was coated with a 275u thick
dope composed of the solution of polyimide polymer
obtained in Synthesis Example 1. The substrate was
immediately immersed in tertiary butyl alcohol (im-
mersing solvent) at 25° C. for 10 seconds, and 20 sec-
onds later, placed in a 0° C. water bath for 120 minutes
to coagulate the dope. The reverse osmosis membrane
obtained had a thickness of 200u.

The membrane was mounted in a measuring cell of
the pressure batch type, and supplied with a 5,000 ppm
aqueous solution of sodium chloride to determine its
water permeating rate and desalination efficiency at an

operating pressure of 42 kg/cm2. The results are shown
in Table 4 below. |

45

50

33

EXAMPLE 2

The inner surface of a glass tube having an inner
diameter of 13.6 mm and a'wall thickness of about 3 mm
were flow coated with a 270u thick dope composed of
the solution of polyimide polymer obtained in Synthesis
Example 1. The dope coated glass tube was immedi-
ately immersed in tertiary butyl alcohol (immersing
solvent) at 20° C. for 25 seconds, and 5 seconds later, it
was placed in water for 120 minutes to coagulate the
dope. A tubular reverse osmosis membrane having an

65
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13

outer diameter of 12.8 mm and a thickness of 200 was
obtained. | .

The membrane was slipped into a perforated stainless
steel tube having an outer diameter of 13.0 mm and a
wall thickness of 2 mm, and supplied with a 5,000 ppm
solution of sodium chloride at 42 kg/cm? to determine
the desalination efficiency and water permeating rate.
The results are shown in Table 4 below.

5

14

was evaluated in the same manner as used in Example 2.
The results are shown in Table 4 below.

EXAMPLES 19 to 20

The procedure of Example 3 was repeated under the
conditions specified in Table 2 below. The performance
of each of the selective permeable membranes obtained
1s shown in Table 4 below.

Table 2
Time
(sec.) Time
from (sec.)
Coating Dope Conditions for Immersion between Coagulation
Dope Coating Immersion  Immersion Immersion Conditions Membrane
Ex. to Thickness Immersing Time Temp. and Temp. Time Thickness
No. Immersion () Solvent (sec.) {°C.) Coagulation {(°C.) (min.) (1)
4 30 250 isopropyl 5.0 20.0 2 I 120 149
alcohol
5 30 250 ethylene 2.0 20.0 1 i 120 170
glycol
6 30 2350 propylene 2.0 20.0 2 2 120 E51
glycol .
7 15 250 glycerin 5.0 20.0 2 2 120 163
! 15 250 tetra- 10.0 20.0 5 2 120 172
hydrofuran
9 15 250 tertiary 1.0 20.0 20 2 120 170
butyl
alcohol
10 15 250 tertiary 2.0 20.0 20 2 120 172
butyl
alcohol
11 15 250 tertiary 5.0 20.0 20 2 120 168
butyl
alcohol
i2 I5 250 tertiary 20.0 20.0 20 2 120 167
butyl
alcohol
13 15 250 ethylene 15.0 50.0 20 2 120° 129
glycol
14 15 250 ethylene 15.0 70.0 20 2 120 149
glycol
15 15 250 tetra- 30.0 20.0 20 2 120 159
hydrofuran
16 15 250 tetra- 5.0 20.0 0 2 120 169
hydrofuran
17 10 270 ethylene 10.0 20.0 10 2 120 188
| glycol
8 10 270 tetra- 10.0 20.0 10 2 120 193
hydrofuran
19 15 250 ethylene 10.0 20.0 10 2 120 147
| glycol
20 15 250 tetra- 25.0 20.0 10 2 120 162
hydrofuran

EXAMPLE 3
The procedure of Example 1 was repeated except
that the dope was composed of the solution of poly-
imide polymer obtained in Synthesis Example 2. The

performance of the selective permeable membrane pro-
duced is shown in Table 4 below.

EXAMPLES 4 to 16

The procedures of Example 1 were repeated under
the conditions indicated in Table 2 below. The perfor-
mance of each of the selective permeable membranes
obtained 1s shown 1n Table 4 below.

EXAMPLES 17 to 18

The procedure of Example 2 was repeated under the
conditions set forth in Table 2 below. The performance
of each of the selective permeable membranes obtained

50

35

60
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EXAMPLE 21

Using the dope prepared in Synthesis Example 3, the
procedure of Example 1 was repeated to prepare a
reverse osmosis membrane having a thickness of 200u.
Table 4 shows the performance of the membrane.

EXAMPLES 22 to 28

Using the dopes prepared in Synthesis Example 3 to
9, the procedure of Example 1 were repeated under the
conditions shown in Table 3 to produce reverse osmosis
membranes each having a thickness of 170u. The per-
formance of each membrane is shown in Table 4 below.

EXAMPLES 29 to 30

Using the dopes prepared in Synthesis Examples 3
and 6, the procedure of Example 2 was repeated under
the conditions shown in Table 3 to produce reverse
osmosis membranes. The performance of each mem-
brane 1s shown in Table 4 below.
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15 16
__Table 3
Time Time
(sec.) Conditions for (sec.)
~ from  Dope Immersion between
- .Dope . Coating . Coating . - - Im-- - Im-. . Immersion : - Coagulation -
- (Synthe- - Dope. - Thick-: - - Tersion - - mersion -~ and - Conditions - - Membrane
Ex. - sis tolm- = npess © Immersing © Time ~ Temp. Coagu-  Temp. Time ° Thickness
- Example) - - mersion . - () Solvent: . i(sec.} . (PCy - clation - (PCy o (ming o my i

22 6 10 250 glycerin 30.0 20.0 ! 2 120 176
tetra-

233 10 250 . hydrofuran. 10.0 20.0 2 2 120 174
tertiary

24 4 10 250 butyl 20.0 20.0 1 2 120 178
alcohol
tertiary

25 5 10 250 butyl 10.0 20.0 1 2 120 169
alcohol
tetra-

26 7 10 250 hydrofuran 10.0 20.0 1 I 120 183

27 8 10 250 tetra- 10.0 20.0 1 ] 120 167

hydrofuran

28 9 t0 250 ethylene 10.0 20.0 1 1 120 179
glycol
tertiary

29 6 10 270 butyl 20.0 20.0 5 1 120 220
alcohol

30 3 10 270 tetra- 10.0 20.0 5 ] 120 200

hydrofuran |

Water

_Jable4

N =Methﬂd ﬂf Evaluatlun nf |

A glass plate was coated with the dope of Synthesis
Example 1 to a thickness of 250u. The dope coated glass
plate was immediately immersed in methyl alcohol (im-

35

40

45

50

35

60

Permcatmg Desalmannn Water Permeatmg Raie
Examplc " Rate® . Ef’ﬁcrenc:, and
- No.. (m¥/m?day) = (%)  Desalination Efficiency - -
1 0.13 95.8 —
2 0.41 94.0 —
3 0.12 84.8 Comply with Example 1
4 0.14 92.6 "
5 0.96 93.7 '
6 0.20 94.3 ”
7 0.12 95.5 "
8 0.39 98.2 "
9 0.22 91.5 *
10 0.17 93.7 "
11 0.135 95.0
12 0.12 96.4 N
13 0.58 95.2 "
14 0.34 89.1 N
15 0.19 95.7 "
16 0.46 93.2 Comply with Example 1
17 0.32 95.6 Comply with Example 2
18 0.66 92.7 '
19 0.32 88.5 Comply with Example |
20 0.29 02.3 ¥
21 0.48 94.7 "
22 1.37 81.0 i
23 0.76 97.3 '
24 0.84 79.1 N
2 0.42 93.3 "
26 0.55 80.7 "’
27 0.71 90.6 '
28 0.99 82.8 "
29 1.95 86.1 Comply with Example 2
30 0.88 96.0 '’
EXAMPLE 31
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| mersing-scﬂvent) at 20° C. for 2 seconds, and 30seconds : - :: 1 o
later, placed in a 1" C. water bath for 120 minutesto .~ =~
i coagulate the dope. An u]traﬁltratlon membram havmg .

a thickness of 165y was obtained.

" 'The performance of the membrane 1S shown in Tab]e -

6 below.

EXAMPLE 32

A stainless steel plate was coated with the dope of
Synthesis Example 2 to a thickness of 250u. The dope
coated plate was allowed to stand for 10 seconds before
it was immersed in methyl alcohol (immersing solvent)
at 20° C. for 2 seconds, and 30 seconds later, placed in
a 1° C. water bath for 120 minutes to coagulate the
dope. An ultrafiltration membrane having a thickness of
163 was obtained.

The performance of the membrane is shown in Table
6 below.

EXAMPLE 33

A glass plate was coated with the dope of Synthesis
Example 3 to a thickness of 250un. The dope coated
plate was immediately immersed in methyl alcohol (im-
mersing solvent) at 20° C. for 2 seconds, and 10 seconds
later, placed in a 2° C. water bath for 120 minutes to
coagulate the dope. An ultrafiltration membrane having
a thickness of 173u was obtained.

The performance of the membrane is shown in Table
6 below.

EXAMPLES 34 to 36

The procedure of Example 33 was repeated under the
conditions specified in Table 5 below. Table 6 shows

the performance of the ultrafiltration membrane ob-
tained.
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Table 5
Time Time
(sec.) Conditions for {sec.)
from Dope _Immersion between
Dope Coating  Coating Im- Im- Immersion Coagulation
(Synthe- Dope Thick- mersion  mersion and Conditions Membrane
Ex. 51S to Im- ness Immersing - Time Temp. Coagu- Temp. Time = Thickness
No. Example mersion (1) Solvent (sec.) (°C.) lation (°C.)  (min.) ()
34 6 10 250 methyl 2 20.0 30 1 120 173
alcohol
35 8 t0 250 methyl 2 20.0 30 1 120 168
alcohol
36 9 10 250 methyl 2 20.0 30 1 120 165
alcohol
-continued
concentration of polyethylene
EXAMPLE 37 _glycolin permeate
20 b - concentration of polyethylene X 100 (%)

A glass plate was coated with the dope of Synthesis
Example 6 to a thickness of 250u.. The dope coated glass
plate was heated at 110° C. for 30 seconds and placed in
a 0° C. water bath for 2 hours for coagulation of the

dope. An ultrafiltration membrane having a thickness of ,.

145u was obtained.

The performance of the membrane is shown in Table
6 below.

EXAMPLE 38

The inner surfaces of a glass tube (inner diameter:
13.6 mm, wall thickness: 3 mm) were flow coated with
the dope of Synthesis Example 8 to a thickness of 300..
The dope coated tube was heated for 30 seconds with
130° C. hot atr being flown through the tube. Care was
used in the heating treatment to maintain a uniform
coating thickness of the dope on the tube walls by rotat-
ing the tube at 50 rpm.

The dope coated glass tube was then placed ina 1° C.
water bath for 120 minutes to coagulate the dope. A
tubular ultrafiltration membrane having an outer diame-
ter of 13 mm and a thickness of 200u was produced. The

performance of the membrane is set forth in Table 6
below.

Table 6
Water
Permeating Elimination
Example Rate Efficiency
No. (m3/m? day) (%)
31 (.96 94.5
32 1.12 90.9
33 1.22 93.8
34 1.75 81.9
35 0.72 89.0
36 0.99 85.8
37 0.80 95.1
38 1.88 94.0

The water permeating rate and elimination efficiency
in Table 6 for Examples 31 to 38 were determined under
the following conditions.

The ultrafiltration membrane obtained was mounted
in a measuring cell of pressure batch type and supplied
with a 5,000 ppm aqueous solution of polyethylene
glycol (average molecular weight: 20,000) to determine
the water permeating rate and elimination efficiency at
25" C. using an operating pressure of 4 kg/cm?.

Elimination efficiency =

30
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glycol in feed solution

EXAMPLE 39

An aluminum plate was coated with the dope of Syn-
thesis Example 6 to a thickness of 320up. The dope
coated plate was immediately placed in a 50° C. water
bath for coagulation of the dope in 120 minutes. A mi-
crofiltration membrane having a thickness of 200u was
produced.

The membrane was mounted in a measuring cell of
the pressure batch type and supplied with a polystyrene
emulsion having an average particle size of 0.312u (a
solid content of 0.002 wt%) and with a polystyrene
emulsion having an average particle size of 0.176u (a
solid content of 0.002 wt.%) each dispersed in water.
The elimination efficiency of the particles of each poly-
styrene emulsion was determined at 20° C. using an
operating pressure of 1 kg/cm?.

The elimination efficiency of the 0.312u sized emul-
sion was 99%, whereas that of the 0.176p sized emul-
sion was 3%.

Elimination efficiency was determined using a spec-
trophotometer (“‘Photospectrometer 124 manufac-
tured by Hitachi Seisakusho) by measuring the light
transmittance of polystyrene emulsion (feed solution)
and the permeat using light of a wavelength giving
minimum transmittance.

Pure water permeated the microfiltration membrane
of Example 39 at 31.8 ml/cm?.min as measured on a
measuring cell of vacuum batch type at 25° C. and 45
mmHg.

Following is the calculation formula for water per-
meating rate:

Water permeating rate =

volume of permeate (mi)

effective area of membrane (cm?) X processing time (min)

EXAMPLE 40

A microfiltration membrane was prepared by repeat-
ing the procedure of Example 39 except that coagula-
tion took place in a water bath at a temperature of 80°
C. Repeating the procedure of Example 39, the effi-
ciency of eliminating the 0.481u and 0.312u sized poly-
styrene emulsions dispersed in water (each having a
solid content of 0.002 wt%) was found to be 99% and
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5%, respectively. Pure water permeated the microfiltra-
tion membrane of Example 40 at 78.3 ml/cm4min as
measured by the same method as used 1in Example 39.

While the invention has been described in detail and
with reference to specific embodiments thereof, 11 will
be apparent to one skilled in the art that various changes
and modifications can be made therein without depart-
ing from the spirit and scope thereof.

What 1s claimed 1s:

1. A selective permeable membrane having a self-sup-
porting property, which comprises a polyimide poly-
mer consisting essentially of a repeating unit of the

“N—R—‘l»

10

formula: 15

( 0O
| I

‘—CHy; CHy;=—C
C—CH—CH—C

I |

O 0 i

wherein R is a divalent organic group wherein the 25
polyimide polymer has an inherent viscosity of
about 0.55 to 1.2 measured at 30" C.
2. The selective permeable membrane of claim 1,
wherein the polyimide polymer has an inherent viscos- 3p
ity of about 0.60 to about 1.00 measured at 30" C.

35
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3. The selective permeable membrane of claim 1,
wherein R 1s an organic group contamning an aromatic
ring.

4. The selective permeable membrane of claim 1,
wherein R is an organic group containing a hydrophilic
group.

5. The selective permeable membrane of claim 1,
wherein R 1s an organic group containing an aromatic
ring and hydrophilic group.

6. The selective permeable membrane of claim 1,
wherein saild membrane comprises a skin layer and a
porous layer, wherein the pore size of the skin layer
does not exceed the pore size of the porous layer.

7. The selective permeable membrane of claim 1,
wherein the number of repeating units 1in said polymer is
about 60 to 300.

8. The selective permeable membrane of claim 1,
wherein said polymer has a molecular weight of about
20,000 to 120,000.-

9. The selective permeable membrane of claim 1,
wherein imide linking groups comprise at least about
70% of all of the linking groups of the polyimide poly-
mer.

10. The selective permeable membrane of claim 9,
wherein imide linking groups comprise at least 90% of
all of the linking groups of the polyimide polymer.

11. The selective permeable membrane of claim 10,
wherein imide linking groups comprise from 98 to
100% of all of the linking groups of the polyimide poly-

mecr.
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